The type 1 cholecystokinin receptor (CCK1R) has multiple physiologic roles relating to nutrient homeostasis, including mediation of postcibal satiety. This effect has been central in efforts to develop agonists of this receptor as part of a program to manage and/or prevent obesity. While a number of small molecule CCK1R agonists have been developed, none have yet been approved for clinical use, based on inadequate efficacy, side effects, or the potential for toxicity. Understanding the molecular details of docking and mechanism of action of these ligands can be helpful in the rational refinement and enhancement of small molecule drug candidates. In the current work, we have defined the mechanism of binding and activity of two triazolobenzodiazepinones, CE-326597 and PF-04756956, which are reported to be full agonist ligands. To achieve this, we utilized receptor binding with a series of allosteric and orthosteric radioligands at structurally related CCK1R and CCK2R, as well as chimeric CCK1R/CCK2R constructs exchanging residues in the allosteric pocket, and assessment of biological activity. These triazolobenzodiazepinones docked within the intramembranous small molecule allosteric ligand pocket, with higher affinity binding to CCK2R than CCK1R, yet with biological activity exclusive to or greatly enhanced at CCK1R. These ligands exhibited cooperativity with benzodiazepine binding across the CCK1R homodimeric complex, resulting in their ability to inhibit only a fraction of the saturable binding of a benzodiazepine radioligand, unlike other small molecule antagonists and agonists of this receptor. This may contribute to the understanding of the unique short duration and reversible gallbladder contraction observed in vivo upon administration of these drugs.
ABSTRACT:
The type 1 cholecystokinin receptor (CCK1R) has multiple physiologic roles relating to nutrient homeostasis, including mediation of postcibal satiety. This effect has been central in efforts to develop agonists of this receptor as part of a program to manage and/or prevent obesity. While a number of small molecule CCK1R agonists have been developed, none have yet been approved for clinical use, based on inadequate efficacy, side effects, or the potential for toxicity. Understanding the molecular details of docking and mechanism of action of these ligands can be helpful in the rational refinement and enhancement of small molecule drug candidates. In the current work, we have defined the mechanism of binding and activity of two triazolobenzodiazepinones, CE-326597 and PF-04756956, which are reported to be full agonist ligands. To achieve this, we utilized receptor binding with a series of allosteric and orthosteric radioligands at structurally related CCK1R and CCK2R, as well as chimeric CCK1R/CCK2R constructs exchanging residues in the allosteric pocket, and assessment of biological activity. These triazolobenzodiazepinones docked within the intramembranous small molecule allosteric ligand pocket, with higher affinity binding to CCK2R than CCK1R, yet with biological activity exclusive to or greatly enhanced at CCK1R. These ligands exhibited cooperativity with benzodiazepine binding across the CCK1R homodimeric complex, resulting in their ability to inhibit only a fraction of the saturable binding of a benzodiazepine radioligand, unlike other small molecule antagonists and agonists of this receptor. This may contribute to the understanding of the unique short duration and reversible gallbladder contraction observed in vivo upon administration of these drugs.
A detailed understanding of the structural basis for activation of a receptor can contribute to the development of drugs with optimal properties for a particular application. The type 1 cholecystokinin (CCK) receptor (CCK1R) is a key mediator of postcibal satiety and a potential target for drugs that may be useful to prevent and/or treat obesity. 1−4 However, while several small molecule allosteric agonists of this receptor have been developed, none have yet been approved for clinical use. These have had a variety of pharmacological properties, yet none to date have exhibited a clinical profile of adequate activity and absence of side effects or toxicity that might be compatible with long-term use by relatively healthy individuals.
The best understood docking of an allosteric full agonist of CCK1R at the present time is that of a 1,5-benzodiazepine. 5 It possesses an isopropyl group that acts as an agonist "trigger" 6 by interacting with a residue in transmembrane (TM) segment 7, Leu 7.39 (in nomenclature of Ballesteros and Weinstein 7 ). 5 While a series of reported agonists of this receptor are theoretically accommodated within this same pocket, with the pocket structure acting as a predictive discriminator between CCK1R agonists and antagonists, 5 detailed determination of binding poses has not yet been experimentally established for other members of this group. Such insights could be useful in refining drugs and could potentially contribute toward the development of new types of allosteric modulators that might possess unique clinical utility, such as positive allosteric modulators or allosteric agonists with varied degrees of intrinsic agonist activity.
In the current work, we have taken advantage of two triazolobenzodiazepinone agonists that have been reported to be full agonists of the CCK1R. 8, 9 Their chemical structures are distinct from the 1,5-benzodiazepine that has had its docking studied in greatest detail previously, 5 and these ligands possess unique pharmacological properties worthy of further analysis. We have achieved these insights using receptor binding studies with a series of allosteric and orthosteric radioligands at the structurally related human CCK1R and CCK2R, as well as a series of chimeric human CCK1R/CCK2R constructs exchanging residues that line the allosteric pocket, and biological activity studies at the same receptor constructs. These studies provide insights that refine our understanding of active conformations of this pocket and of the molecular mechanisms of inducing activity. The proposed poses of the ligands were further validated using site-directed receptor mutagenesis. Additionally, a unique feature of these allosteric agonists was their inability to fully inhibit the saturable binding of an allosteric antagonist radioligand. We show that this may be explained by cooperativity across the CCK1R homodimeric complex, a characteristic not shared by other existing allosteric ligands for this receptor that have been studied to date.
■ RESULTS
Pharmacologic Characterization of CE-326597 and PF-04756956 at Wild Type CCK Receptors. As previously reported, 8, 9 both triazolobenzodiazepinones, CE-326597 and PF-04756956 (Figure 1 ), were highly efficacious agonists, stimulating maximal intracellular calcium responses not statistically different from those elicited by CCK at the CCK1R (Figure 2A) . Concentration−response data demonstrated that PF-04756956 was a more potent agonist at the CCK1R than CE-326597 (EC 50 values (nM) of 0.47 ± 0.08 for PF-04756956 and 1.8 ± 0.3 for CE-326597) ( Figure 2A ) and that PF-04756956 elicited no biological response at the CCK2R, while CE-326597 was a very weak partial agonist at that structurally related receptor (EC 50 of ∼1 μM) ( Figure 2D ).
Both CE-326597 and PF-04756956 bound to both CCK1R and CCK2R, as demonstrated by competition-binding studies with both a radiolabeled analogue of natural CCK and radiolabeled nonpeptidyl benzodiazepines ( 125 I-BDZ-1 and 125 I-BDZ-2) previously shown to bind to the intramembranous allosteric pocket ( Figure 2B ,C,E,F).
10,11 IC 50 (nM) values of 26.8 ± 2.3 and 35.0 ± 5.1 were observed for these two ligands, respectively, for 125 I-CCK binding to the CCK1R (Figure 2B ), while they inhibited only approximately 60% of saturable 125 I-CCK binding to the CCK2R, with competition curves far to the 
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Article right ( Figure 2E ). Analysis of these data using a competitive binding model suggested low affinity binding to the receptors, with that for CCK1R higher than that for CCK2R (Table 1) . We have, however, shown in our previous studies that the small molecule ligands of the CCK receptor have a distinct allosteric binding site within the intramembranous interhelical region, 5, 11, 12 which is different from the orthosteric binding site. For this reason, the data for the triazolobenzodiazepinone inhibition of 125 I-CCK binding were also analyzed using an allosteric ternary complex model 13 to determine equilibrium constants (K b ) and cooperativity constants (α) of modulators (Table 1) . This analysis suggested lower K b values for both compounds at CCK1R than at CCK2R, with values for α at CCK1R not different from zero for either compound indicative of very high negative cooperativity that is indistinguishable from a competitive interaction, while both had relatively weaker negative binding cooperativity at the CCK2R. The binding selectivity was greater for PF-04756956 than for CE-326597.
To gain additional insights into the characteristics of the binding of the triazolobenzodiazepinones, their binding was also studied by competition for the previously described, selective benzodiazepine antagonist radioligands of the CCK1R and CCK2R, 125 I-BDZ-1 and 125 I-BDZ-2, respectively. 10, 11 Surprisingly, under the conditions of the binding assays, CE- 
Article 326597 and PF-04756956 only partially inhibited the saturable binding of these radioligands to membranes expressing the wild-type CCK1R and CCK2R, with ∼50% and 34% inhibition and with IC 50 (nM) values of 634 ± 129 and >1000, respectively, at the CCK1R WT and IC 50 values of 175 ± 47 and >1000, respectively, at the CCK2R (Figure 2 C, F) . These data can be explained by two possibilities: (i) the triazolobenzodiazepinones may be acting allosterically relative to the BDZ ligands (and relative to the natural CCK peptide ligand), indicating the presence of another allosteric site on a monomeric receptor; (ii) the triazolobenzodiazepinones may be acting at a site overlapping with the BDZ ligands but across a dimeric receptor complex to explain cooperative behavior. Because of these possibilities, these BDZ radioligand binding data were also fitted to both competitive and allosteric ternary complex models. Values are shown in Table 1 . In contrast to the CCK radioligand binding data, these data suggest that the triazolobenzodiazepinones bind with higher affinities to CCK2R than to CCK1R. Despite the higher binding affinities to CCK2R than to CCK1R, PF-04756956 possesses no agonist activity at all at CCK2R and CE-326597 is only a weak partial agonist at CCK2R (Figure 2) .
CE-326597 and PF-04756956 Function at CCK1R/ CCK2R Chimeras. In order to understand the mode of binding of these compounds at the CCK1R and the residues important for activation, we utilized a structure−activity approach using chimeric CCK1R/CCK2R constructs that exchanged the residues lining the allosteric pocket that are distinct in the two subtypes of CCK receptors (sequence alignment shown in Figure 3 ). This involved residues within the individual TM2, -3, -6, and -7 segments of CCK1R exchanged with the respective corresponding residues of Figure 3 . Primary sequence alignment of human CCK1R and CCK2R. Shown is an alignment of the sequences of the human CCK1R and CCK2R, identifying predicted transmembrane (TM) segments (underlined), as well as the residues believed to line the intramembranous pocket that are distinct in these two receptors. These residues were exchanged in the chimeric constructs utilized for this project.
Article CCK2R. This approach used the same CHO cell lines expressing the CCK1R/CCK2R chimeras as had been utilized successfully in determining the molecular nature of binding of benzodiazepine antagonist 11 and agonist 5 ligands to the CCK1R. As noted previously, 11 levels of receptor expression for the CCK1R-based chimeric receptor-expressing cell lines were 3.1-fold (CCK1R TM2), 1.75-fold (CCK1R TM3), and 2.4-fold (CCK1R TM7) higher than WT, whereas there was no change with the CCK1R TM6 construct. In the case of the CCK2R-based chimeric receptor-expressing cell lines, the CCK2R TM6 and CCK2R TM7 constructs exhibited 0.4-fold and 0.5-fold expression lower than that of the CCK2R WT cell line.
The intracellular calcium stimulation studies provided insights into the relative importance of the regions and residues lining the allosteric ligand-binding pocket ( Figure 4 and Table  2 ). Because there were clear differences in the biological activity of these compounds at the CCK1R and the CCK2R, the chimeric constructs in which those residues lining this pocket that are different in the two related receptors were exchanged were particularly informative. For CE-326597, the unique residues in TM6 and TM7 were clearly the most important, with significant loss of function when these regions were replaced with those of CCK2R (CCK1R I6.51V, F6.52Y, and L7.39H) (Figure 4 A, Table 2 ), while the converse constructs in which the CCK1R residues in these regions were inserted into CCK2R, there was clear gain of function (Figure 4 B, Table 2 ). For PF-04756956, the same TM segments were key, although the degrees of loss of function were different between the two compounds ( Figure 4C ,D, Table 2 ). Of further interest, replacing TM2 and TM3 segments of CCK1R with those of CCK2R (CCK1R N2.61T, T3.28V, and T3.29S) resulted in enhanced responses, with the maximal responses greater than those observed in response to CCK. The major 
Article impact for CE-326597 was TM2, while the major impact for PF-04756956 was TM3, again suggesting compound-specific differences.
The binding data are summarized in Table 3 . For CE-326597 ( Figure 5 A, B), there was clear loss of binding affinity with a right shift in the inhibition of binding of 125 I-BDZ-1 when TM7 was replaced with this segment of CCK2R, while the converse construct exhibited increase in binding affinity with a left shift. This is consistent with the impact on biological activity described above. Of particular note, the TM6 constructs that also exhibited complementary gain and loss of function in the biological activity studies had no significant impact on the binding to these constructs. The TM3 and TM2 constructs that increased biological activity also exhibited left shifts in their binding of 125 I-BDZ-1. Similar effects were observed for the inhibition of binding of the CCK radioligand for the TM7 and 
Article the TM2 constructs ( Figure 5C ,D), although quantitatively these shifts were different for the two radioligands.
For PF-04756956 ( Figure 6A ,B), there was also clear loss of binding affinity with a right shift in the inhibition of binding of 125 I-BDZ-1 when TM7 was replaced with this segment of CCK2R, while the converse construct exhibited gain of binding affinity with a left shift. This is consistent with the impact on biological activity described above. Also here, the TM6 constructs that exhibited complementary gain and loss of function in the biological activity studies had no significant impact on the binding of these constructs. The TM3 and TM2 constructs that increased biological activity also exhibited left shifts in their binding of 125 I-BDZ-1. Similar effects were observed for the inhibition of binding of the CCK radioligand for the TM7 and the TM2 constructs ( Figure 6C,D) , although quantitatively these shifts were different for the two radioligands.
Molecular Models of Docking of CE-326597 and PF-04756956 Compounds. Molecular models were developed as described in Experimental Procedures. Figure 7A ,B and Figure 8 show the best poses determined for CE-326597 and PF-04756956 docked within the CCK1R. These compounds are predicted to utilize the same allosteric intramembranous interhelical pocket previously defined for GI181771X, 5 with contributions by TM2, -3, -6, and -7. Of note, these compounds occupied a larger volume than was previously defined by GI181771X. Both CE-326597 and PF-04756956 were predicted to dock with their C3-substituents oriented toward the extracellular region and the N1-and N5-benzodiazepine substituents pointing into the TM core bundle. For both of these compounds, the benzo ring was pointed toward TM3 and the phenyl group of the fused triazolobenzodiazepinone core was predicted to form an interaction with Asn 2.65, whereas the triazolo group was predicted to point toward the extracellular region between TM6 and TM7.
In contrast to GI181771X, the N1-benzyl group of the N1-isopropylbenzyl acetamide of CE-326597 was located deeper inside the pocket pointing toward the hydrophobic region between TM3 and TM6 and was predicted to make a limited interaction with Val 3.36 ( Figure 7A ). The N1-isopropyl group of this compound was situated similarly to that of GI181771X when docked, pointing toward the hydrophobic region of TM7, with an interaction with Leu 7.39 being predicted. Additionally, this group was predicted to be situated near residues Met 3.32 and Trp 6.48 as well. Similar to the determinant for biological activity of GI181771X, 5 Leu 7.39 was shown to be critical in the ligand structure−activity experiments in this study as well, further supporting the importance of this group in agonist activity. 5 In the case of PF-04756956, the N1-dimethylbenzylpiperidine was predicted to dock quite differently than the N1-substituent of the GI181771X (Figure 7 B) . Of note, the N1-piperidineamide in PF-04756956, which is predicted to be the agonist "trigger", 9 was postulated to point toward the hydrophobic pocket formed by TM6 and -7, forming interactions with Trp 6.48 and Leu 7.39. The C2- 
Article dimethylphenyl substituent of the piperidine group was predicted to be accommodated in the pocket formed by TM2 and TM3 and to interact with Asn 2.61 of TM2. The 5-methyl group was capable of forming interactions with Thr 3.29 
Article and Met 3.32 of TM3. Although the binding poses of CE-326597 and PF-04756956 were predicted to be accommodated in a similar pocket, the differences between the two are likely marked by the position of the N1-benzyl (CE-326597) and the dimethylbenzyl at the C2 position of piperidine (PF-04756956) (Figure 8 ). Whereas the N1-benzyl group of CE-326597 is buried deeper into the TM core facing down in the region between TM3 and TM6 (near Val 3.36), the dimethylbenzyl group of PF-04756956 is relatively more superficially located facing the TM2 and TM3 and does not make contact with Val 3.36 ( Figure 8) .
Characterization of Receptor Mutants Involving Residues Predicted To Be Functionally Important for Triazolobenzodiazepinone Activity. We attempted to validate the proposed molecular models using mutagenesis of some residues predicted by the models to be in spatial approximation with one or both of the triazolobenzodiazepinones, studying the impact on binding and biological activity of the compounds ( Figure 9 and Table 4 ). We prepared and studied alanine replacement mutants of Met 3.32, Val 3.36, and Trp 6.48 of the CCK1R. Each of these CCK1R mutants exhibited significant functional impact on triazolobenzodiazepinone binding and/or biological activity compared to the wild type CCK1R (Figure 9 , Table 4 ).
The potency of CE-326597 to stimulate intracellular calcium was reduced by a factor of 2 at the V3.36A mutant relative to its action at the wild type CCK1R, while that of PF-04756956 was reduced by a factor of 8 ( Figure 9A,B) . These effects could 
Article reflect the lower level of surface expression of this construct relative to wild type CCK1R (18% of that of wild type CCK1R) ( Table 4 ). The models suggest that this residue may have more of an indirect role in agonist binding because CE-326597 is predicted to make a contact of less than 3 Å 2 and PF-04756956 does not dock deep enough to make any contact with this residue (Figure 8) .
The potency of CE-326597 to stimulate intracellular calcium was reduced by a factor of 56 at the W6.48A mutant relative to wild type CCK1R, while that of PF-04756956 was reduced by a factor of 12. Although this construct exhibited a lower level of surface expression than wild type CCK1R (16% of that of wild type CCK1R) (Table 4) , there was no change in CCKstimulated responses at this construct. This reduced potency of CE-326597 and PF-04756956 occurred in the setting of no change in the binding affinity of CE-326597 and an increase in affinity of PF-04756956 by a factor of 16 ( Figure 9C ,D, Table  4 ). The N1-benzyl ring of CE-326597 makes π−π interactions with this residue, which explains the bigger effect of this alanine mutation compared to PF-04756956, where the ring is directed away from TM6 ( Figure 8 ).
The largest differences were observed for M3.32A, which makes significant interaction contact area with CE-326597 and PF-04756956, 30 and 39 Å 2 , respectively ( Figure 8 ). Neither triazolobenzodiazepinone exhibited any biological activity at this construct, in spite of high levels of surface expression and exhibiting very high binding affinity for CE-326597 and binding affinity not different from that for wild type CCK1R for PF-04756956 when using the 125 I-BDZ-1 radioligand ( Figure 9A − D, Table 4 ). Of note, as a control to ensure normal biosynthesis and trafficking of this construct to the cell surface, CCK was shown to stimulate a full intracellular calcium response at the M3.32A mutant, with an EC 50 value of 0.13 ± 0.01 nM (Table  4) .
Possible Impact of CCK1R Dimerization on the Binding Characteristics of the Triazolobenzodiazepinones. Because these data support substantial overlap in the site of docking of the triazolobenzodiazepinones with other small molecule allosteric ligands of CCK1R, the presence of a separate second allosteric ligand-binding site is an unlikely explanation for the inability of the triazolobenzodiazepinones to inhibit the saturable binding of the BDZ radioligand. We, therefore, experimentally evaluated the second stated possibility, that of impact of cooperativity across a CCK1R receptor homodimeric complex. Such a complex has been previously demonstrated to exist utilizing constructs of the rat CCK1R, 14 and key structural residues for dimerization occur within the lipid faces of TM6 and TM7. 14 In that work, this complex was shown to be substantially disrupted by a set of mutations along this interface, eliminating the receptor BRET signal without changing CCK binding or biological activity parameters. 14 Therefore, BDZ radioligand binding was also performed using this mutant of the rat CCK1R (rCCK1R-Ala 317,321,325 ).
14 The BDZ-1 binding affinities were found to be similar in the wild type rat CCK1R and the mutant rat receptor (rCCK1R-Ala 317,321,325 ), with pK i values of 9.55 ± 0.25 and 9.66 ± 0.09, respectively. Of note, the BDZ-1 binding affinity for the wild type rat CCK1R was significantly higher than that for the wild type human CCK1R (p < 0.05), with pK i values of 9.55 ± 0.25 and 8.38 ± 0.16, respectively. In these studies, the triazolobenzodiazepinones inhibited the binding of the BDZ radioligand to this CCK1R construct to a greater extent than they were able to at the wild type receptor (p < 0.05) (Figure Table 4 Of note, the binding data for the Ala 317,321,325 mutant fit the twosite equation better than the one-site equation, whereas wildtype data best fit the one-site equation. These data are consistent with the triazolobenzodiazepinones exerting unique cooperativity across the CCK1R homodimeric complex. This property is not shared by the other small molecule antagonists and agonists previously studied.
5,11
■ DISCUSSION Cholecystokinin (CCK) is a gastrointestinal hormone released from enteroendocrine I cells in the proximal small intestine in response to protein and fat in the diet. The physiological relevance of CCK acting through the type 1 CCK receptor (CCK1R) is well established, with this hormone playing multiple roles involved in maintenance of nutritional homeostasis. These include stimulating pancreatic exocrine secretion and gallbladder contraction, modifying gastric emptying and gastrointestinal transit to optimize nutrient delivery for absorption, and stimulating postcibal satiety. 3, 4, 15 The last physiologic servomechanism is mediated by CCK action at CCK1Rs expressed on vagal afferent neurons, 2 contributing to maintenance of normal body weight. There is extensive evidence in preclinical and clinical studies documenting the ability of CCK to induce satiety and to reduce food intake, resulting in weight loss in animals and in humans. 1, 3, 16 Therefore, CCK1R, a class A Gq-coupled G-protein-coupled receptor (GPCR), has been considered as an attractive drug target for agonists to induce satiety without adding caloric intake for the treatment of obesity. CCK1R agonists, including peptides, 1 peptoids, 17 and small molecules (e.g., 1,5-benzodiazepine GI181771X, 18 imidazole carboxamide, 19 and thiazole SR 146131 20 ) have been effective in reducing food intake in animals and humans; however, none of these drugs have yet been approved for clinical use as a diet drug. This likely relates to on-target effects of the most potent agonists, including nausea, abdominal cramping, and diarrhea, and concern about potential trophic effects that could influence the development or progression of pancreatic cancer. 21, 22 There has been an extremely high bar for approval of such drugs, due to the very large potential market and the long duration of anticipated use by relatively healthy patients.
In order to elicit satiety, without prolonged agonist action at the CCK1R that might be associated with side effects and possible toxicity, there is a theoretical advantage to short duration action at the physiologically relevant target. In an attempt to achieve this, the Pfizer group chose to take advantage of physicochemical properties of the molecules in their discovery series, seeking an appropriate balance of solubility and membrane permeability to result in adequate exposure of active drug to enteric neurons and rapid hepatic clearance to minimize systemic exposure. 8, 9 They were also interested in low biliary clearance to allow prompt gallbladder relaxation, as occurs physiologically. This was achieved by purposefully diverging from Lipinski's rule of five for bioavailable drugs, identifying candidates with higher molecular weight and lipophilicity than is typically targeted for drug development.
This series took advantage of the structure−activity relationships reported for development of a 1,5-benzodiazepine full agonist, GI181771X, which had identified the importance of the N1-isopropylanilidoacetamide for biological activity. 6 The fused triazolobenzodiazepinone core in this series was able to mimic the hydrogen bond acceptor properties of the carbonyl group at the C-4 position of the 1,5-benzodiazepine while preserving binding and biological activity at the CCK1R. CE-326597 was the first candidate reported, 8 and PF-04756956 followed. 9 These replaced the isopropylphenylamide "trigger" present in GI181771X with either an isopropylbenzylamide or a more divergent piperidineamide. CE-326597 also replaced the C3 urea substituent in GI181771X with a methylindole, while PF-04756956 incorporated a methylindazole. These molecules exhibited efficacy with no gastrointestinal side effects in preclinical rodent studies. A phase 2 clinical trial of CE-326597 for 12 weeks in patients who were obese with type 2 diabetes mellitus did not achieve the desired end point, 8 and further clinical development was not pursued. While these ligands are not ideal drugs, they provide enough structural diversity from GI181771X and from each other to provide additional insights into the nature of allosteric agonist binding pose and into the determinants of activity. There are also some important and instructive lessons that were provided by the characterization and analysis of the binding data with these compounds. 
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Article Understanding of the structure of the intramembranous small molecule binding pocket within the CCK1R has been facilitated by the solution of crystal structures of more than 24 members of the class A GPCR family. 23 The helical bundle is the most conserved domain in these receptors, with substantial diversity in their loop and tail regions. 24 Indeed, earlier studies reported impact of mutations of residues lining this pocket on binding and/or function of various small molecule ligands of CCK1R, suggesting this as a site of their docking. 25−27 This was also subsequently directly demonstrated by photoaffinity labeling with a benzodiazepine ligand. 28 We have extensively characterized the conformations of this pocket as a site of docking various CCK1R antagonists 11 and agonists, 5 relying on a series of chimeric CCK1R/CCK2R constructs in which the residues lining this pocket that are distinct in these two receptors were exchanged. There are only six such residues within four transmembrane (TM) helices that are different in CCK1R and CCK2R. 11 In its inactive conformation occupied with a benzodiazepine antagonist, TM segments 6 and 7 (residues 6.51, 6.52, and 7.39) are the most important for binding of BDZ-1, a CCK1R-selective ligand, whereas residues of TM segments 2 and 7 (residues 2.61 and 7.39) are the most important for binding of BDZ-2, a CCK2R selective ligand.
11
The active conformation of this pocket occupied with the benzodiazepine agonist, GI181771X, was distinct from the antagonist-occupied conformation, with a key role played by Leu 7.39 in interacting with the N1-isopropyl agonist "trigger" that has been proposed as being responsible for activation of the receptor. 5 It is not yet clear whether this mechanism will be relevant universally for activation of this receptor. Of note, in computational studies, this molecular model was predictive of binding of other small molecule agonists, effectively distinguishing these from a series of approved drug decoys and even distinguishing CCK1R agonists from CCK1R antagonists. 5 We now have the opportunity to test this experimentally.
It is, perhaps, not surprising that the molecular basis of binding the natural orthosteric peptide ligand of CCK1R is less well-defined. As for many peptide ligands, the extracellular loop and tail regions appear to play more important roles. With the structure of these being less well-defined than the helical bundle and given the inherent flexibility of linear peptide ligands, the techniques utilized become particularly important. There have been two contrasting docking poses of the natural orthosteric CCK peptide at the CCK1R that have been proposed. 27, 29, 30 One of these has been based predominantly on the functional impact of receptor mutagenesis and chimeric receptor constructs and has been interpreted that the carboxyl terminus of CCK occupies this same intrahelical pocket. 27, 31 The other has been based predominantly on spatial approximation constraints coming from the direct covalent labeling of receptor residues using intrinsic photoaffinity labeling with fully biologically active CCK analogues and has placed the carboxyl terminus of CCK above the lipid bilayer, adjacent to residue Trp 39 within the amino-terminal tail of CCK1R, 29 with the rest of the peptide residing along the external face of the lipid bilayer interacting with extracellular loop regions. 30,32−35 Both models are believed to be compatible with extensive structure− activity data. The latter model has also been supported by fluorophore incorporation into the ligand for characterization of microenvironment 36 and fluorophore incorporation into ligand and receptor for relative distance determinations using fluorescence resonance energy transfer. 37 One key difference in these models is particularly important for the current report, since the former would suggest that the small molecule ligands are occupying a part of the orthosteric ligand-docking pocket while the latter suggests that the small molecules dock with a spatially distinct allosteric ligand-docking pocket. Classical pharmacological techniques have been utilized to distinguish these two possibilities. 12, 38 A key set of experiments was the ability of devazepide, a benzodiazepine antagonist, to elicit marked slowing of the dissociation of prebound CCK, an observation that is only possible through the binding of the small molecule to a topographically distinct allosteric site within CCK1R simultaneous with CCK occupation. The cooperativity between orthosteric and allosteric ligands was also demonstrated, and the kinetic parameters for the binding of each ligand were reported. 12 This is believed to best support the latter hypothesis, but more definitive evidence, such as a crystal structure for the CCKoccupied receptor, has not been reported.
To understand the binding mode of the triazolobenzodiazepinone agonists, we have used molecular modeling methods analogous to those previously utilized to define the binding pose of GI181771X. 5 This approach has revealed similarities in the overall agonist binding pose but differences in the orientation of some key groups. These observations can provide insights for rational efforts to develop or refine new drug leads. The benzo rings of the three agonists occupy the same general allosteric pocket, with their positions essentially identical among the models. The differences were most marked by the positions of the N1-benzyl group of CE-326597 and the dimethylbenzyl group at the C2 position of piperidine in PF-04756956, with the former buried deeper into the TM core facing the region between TM3 and TM6, while the latter is more superficially located facing TM2 and TM3.
The alanine-replacement mutation data for Trp 6.48 and Met 3.32 provide strong support for the models of CE-326597 and PF-04756956 bound to CCK1R. Met 3.32 makes significant contacts with both agonists, whereas in the case of CE-326597 additional π−π interactions between the N1 benzyl and Trp 6.48 are observed that can explain the very significant effect of the alanine mutation on biological responses to this compound.
In addition to the insights coming from the docking of these compounds, these experiments provide additional insights into the importance of the type of radioligand used in screening for and characterizing allosteric agonists. It is notable that the competition-binding approach yielded the most complete displacement using the orthosteric agonist peptide radioligand that binds to what we believe to represent a distinct site on the receptor, in contrast to the data with another allosteric radioligand that is an antagonist. Although the latter is believed to bind to the same pocket within the receptor, it binds to a distinct conformation of that pocket. Typically, however, we expect the conformations of a given receptor binding pocket to interconvert, particularly within the time frame necessary to achieve binding equilibrium. Binding conditions were carefully assessed in the current work and found to be adequate to reach equilibrium. However, it was clear that the triazolobenzodiazepinones were not able to fully inhibit the binding of the BDZ radioligand. This is in clear contrast with the behavior of other small molecule ligands that represent both antagonists 11 and agonists of this receptor. 5 Two possible explanations were identified for this behavior: (i) the triazolobenzodiazepinones may be acting allosterically relative to the BDZ ligands (as well as relative to the natural
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Article CCK peptide ligands), indicating the presence of another allosteric site; (ii) the triazolobenzodiazepinones may be acting at a site overlapping with the BDZ ligands but across a dimeric receptor complex to explain cooperative behavior. Strong data are presented to make the first possibility unlikely. The docking experiments show the triazolobenzodiazepinones to occupy the same space high in the intrahelical bundle that BDZ ligands occupy. This is further supported by directed receptor mutagenesis to test this prediction.
The observation of greater competitive inhibition of BDZ radioligand binding to a CCK1R mutant previously shown to disrupt receptor oligomerization 14 than to wild type CCK1R makes cooperativity across the receptor oligomeric complex a likely explanation for the observed binding events. This property of the triazolobenzodiazepinones is distinct from other small molecule allosteric antagonists and agonists studied similarly. 5, 11 The analysis of the triazolobenzodiazepinone inhibition of the BDZ radioligand binding to CCK1R reveals positive cooperativity, suggesting that the triazolobenzodiazepinone binding to one receptor protomer enhances the binding of the BDZ to the second protomer and reduces the ability of the triazolobenzodiazepinones to displace it. This is the first significant functional effect of the dimerization of CCK1R that has been recognized to date, 14 providing potential pharmacological, if not physiological, importance of this complex. It is also possible that the short duration of action and reversibility of the triazolobenzodiazepinone effect on gallbladder contraction 8, 9 are contributed to by this limited distribution of the binding sites of these unique ligands. 9 were provided by Dr. Kimberly O. Cameron from Pfizer Global Research and Development, Groton, CT (structures shown in Figure 1 ). Both compounds were evaluated by reversed-phase HPLC with UV detection at 215 nm and were found to be greater than 95% pure. These ligands have been reported to act as full agonists at the CCK1R. 8, 9 Cholecystokinin octapeptide (CCK-26-33, based on the numbering of CCK-33; also known as CCK-8) was purchased from Peninsula Laboratories (Belmont, CA). The benzodiazepine ligands for the type 1 (BDZ-1, (S)-1-(3-iodophenyl)-3-(1-methyl-2-oxo-5-phenyl-2,3-dihydro-1H-enzo[e] [1, 4] diazepin-3-yl)urea) 10 and type 2 (BDZ-2, (R)-1-(3-iodophenyl)-3-(1-methyl-2-oxo-5-phenyl-2,3-dihydro-1H-benzo[e] [1, 4] diazepin-3-yl)urea) 10 CCK receptors were kindly provided by Professor P. S. Portoghese of the University of Minnesota. Radioiodinated forms of these ligands were prepared by oxidative radioiodination using the solid-phase oxidant, iodobeads (Pearce, Rockford, IL), with purification of the product to homogeneity on reversed-phase HPLC. The CCK-like radioactive tracer, 125 I-D-Tyr-Gly-[(Nle 28, 31 )CCK-26-33] ( 125 I-CCK), was prepared using similar oxidative radioiodination and HPLC purification techniques. 39 All radioligands were purified to homogeneity, yielding products with specific radioactivities of approximately 2000 Ci/mmol.
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CCK Receptor Constructs and Cell Lines. Previously reported and characterized Chinese hamster ovary (CHO) cell lines stably expressing a series of CCK receptor constructs were used for this study (all of these were human receptors, unless specifically noted). 5, 11 The new human CCK1R mutants used in this study included site mutants N2.65A, M3.32A, V3.36A, and W6.48A, which were created by introducing single point mutations in the CCK1R WT construct in the pcDNA5/FRT vector by mutagenesis using the QuickChange kit (Stratagene, La Jolla, CA). All constructs were verified by direct DNA sequencing. Cell lines stably expressing these constructs were prepared in CHO cells, as previously described. 11 The cell lines were maintained in Ham's F-12 medium supplemented with 5% fetal clone II in a humidified environment containing 5% carbon dioxide and were passaged approximately two times per week. A mutant of the rat CCK1R (rCCK1R-Ala 317,321,325 ) that had previously been fully characterized as interfering with oligomerization (nondimerizing) and demonstrated to exhibit normal CCK binding and biological responses 14 was also utilized in a specific series of studies, following transient expression in COS cells.
Receptor-Enriched Cell Membranes. Receptor-bearing membrane fractions enriched in plasma membranes were isolated from the cell lines, as described previously. 40 In brief, cells were harvested in icecold phosphate buffered saline, pH 7.4. The membrane fraction of interest was separated and isolated using sucrose-density gradient centrifugation and was suspended in Krebs−Ringer HEPES (KRH) medium (25 mM HEPES, pH 7.4, 104 mM NaCl, 5 mM KCl, 1.5 mM CaCl 2 , 1.0 mM KH 2 PO 4 , 1.2 mM MgSO 4 , 1.2 mM MgCl 2 ) containing 0.01% soybean trypsin inhibitor and 1 mM phenylmethylsulfonyl fluoride. Membranes were stored at −80°C until use.
Receptor Binding Assays. Receptor ligand competition-binding assays were performed as described previously, 11 using CCK-like or benzodiazepine radioligands. Assay conditions that have previously been described and utilized 5, 12, 41 were carried out in duplicate by incubating membrane suspensions (4−7 μg of protein/sample) in the absence or presence of increasing concentrations of unlabeled CE-326597 or PF-04756956 and radioligand (∼20−25 pM) in KRH medium at room temperature for 60 min. Saturable binding was determined in each case using unlabeled CCK or the same benzodiazepine as utilized in the radioligand binding assay, with IC 50 values determined based on inhibition of 50% of this saturable binding. Control experiments, including incubations as long as 24 h, were performed to be certain that binding had achieved equilibrium conditions. Receptor-bound and free radioligand were separated by vacuum filtration using Unifilter 96-well microplates with bonded GF/ B filters in a Filtermate harvester (PerkinElmer, Waltham, MA). The plates were washed six times with wash buffer (0.9% NaCl and 0.2% bovine serum albumin), air-dried, soaked in 30 μL of Microscint, and radioactivity was quantified using a Top CountNXT instrument (Packard, Meriden, CT). Nonsaturable binding was determined by measuring the amount of radioactivity bound in the presence of 1 μM unlabeled BDZ ligands or 1 μM CCK in the respective assays.
Intracellular Calcium Assays. Biological activity of CE-326597 or PF-04756956 at the various CCK receptor-based mutants was measured by quantifying intracellular calcium responses in intact cells. 42−44 These responses are reported as percentages of maximal responses to 10 nM CCK. In brief, approximately 24 h before the assay, cells were seeded in sterile clear-bottom black 96-well tissue culture plates so that they reached approximate confluence of 70−80% at the time of the assay. Cells were incubated with 1.5 μM Quest Fluo 8AM (dissolved in anhydrous DMSO) for 1 h at 37°C in the dark, after washing once with KRH medium containing 2.5 mM probenecid and 0.2% bovine serum albumin. After the incubation, the cells were washed once with KRH medium, and the assay was performed in a Flexstation 3.0 plate reader (Molecular Devices, Sunnyvale, CA) using robotic addition of the appropriate agonist ligand. Intracellular calcium responses were measured at 37°C by measuring the fluorescence emission intensity at 525 nm after excitation at 485 nm, with data
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Article collection every 4 s over a 120 s period. Data were plotted, providing the identification of peak responses and EC 50 concentrations.
Molecular Modeling. All molecular modeling was conducted using a stochastic global energy optimization procedure in Internal Coordinate Mechanics (ICM) 45 with the ICM-Pro package, version 3.8-4 (MolSoft LLC, San Diego, CA). This procedure consisted of three iterative steps: (a) random conformational change of groups of dihedral angles and positional variables according to the biasedprobability Monte Carlo method; 46 (b) local minimization of all free dihedral angles; and (c) acceptance or rejection of the new conformation based on the Metropolis criterion at the simulation temperature, usually at 600 K. 47 The ligand-guided homology modeling method 48 that we previously used to construct the active form of the type 1 CCK receptor model 5 was utilized in this work. The previously built model of the active form of this receptor was used as the starting point for the current modeling. A collection of 159 type 1 CCK receptor agonist ligands selected from the ChEMBL database 49 was used to refine the ligand binding pocket of the active structure. PF-04756956 was first docked to the active form. A distance restraint was used between the ligand and an anchor residue on the receptor to limit the size of the sampling space and to keep the ligand within the pocket during the molecular modeling process. Previously, after attempting to use several different hydrogen bond donor−acceptor pairs, the best models were found to come from use of Asn 6.55 as the anchor residue. 11 A defined hydrogen bond distance restraint with this residue was used during the simulations, and each ligand was docked to the pocket followed by cycles of stochastic global energy optimization, side chain sampling, backbone minimization, and loop modeling. This resulted in an ensemble of multiple receptor conformations for the PF-04756956-bound type 1 CCK receptor active structure.
Each pocket conformation in the ensemble was then evaluated using a composite score that included the ability to differentiate structurally diverse positives from decoys by docking scores, the percentage of ligands forming hydrogen bonds with the anchor residue (Asn 6.55), and the consistency of ligand binding poses based on clustering of these poses as assessed by atomic property fields. 50 The best model was then assessed using plots of receiver operating characteristic (ROC) curves 51 to evaluate the ability to differentiate the set of 159 known type 1 CCK receptor agonists having activities greater than 1 μM seeded into 1739 nonagonist ligands of the type 1 CCK receptor ligands present in the ChEMBL database.
Data Analysis and Statistics. All data were analyzed using Prism
